The development of the anterior-posterior (AP) axis in the mammalian embryo is controlled by interactions between embryonic and extraembryonic tissues. It is well established that one of these extraembryonic tissues, the anterior visceral endoderm (AVE), can repress posterior cell fate and that signalling from the other, the extraembryonic ectoderm (ExE), is required for posterior patterning. Here, we show that signals from the prospective posterior ExE repress AVE gene expression and affect the distribution of the AVE cells. Surgical ablation of the prospective posterior, but not the anterior, extraembryonic region at 5.5 days of development (E5.5) perturbs the characteristic distal-to-anterior distribution of AVE cells and leads to a dramatic expansion of the AVE domain. Time-lapse imaging studies show that this increase is due to the ectopic expression of an AVE marker, which results in a symmetrical positioning of the AVE. Surgical ablation of this same ExE region after the distal-toanterior migration has already commenced, at E5.75, does not affect the localisation of the AVE, indicating that this effect takes place within a short time window. Conversely, transplanting the prospective posterior, but not the anterior, extraembryonic region onto isolated E5.5 embryonic explants drastically reduces the AVE domain. Further, transplantation experiments demonstrate that the signalling regulating AVE gene expression originates from the posterior ExE, rather than its surrounding VE. Together, our results show that signals emanating from the future posterior ExE within a temporal window both restrict the AVE domain and promote its specific positioning. This indicates for the first time that the ExE is already regionalised a day before the onset of gastrulation in order to correctly set the orientation of the AP axis of the mouse embryo. We propose a reciprocal function of the posterior ExE and the AVE in establishing a balance between the antagonistic activities of these two tissues, essential for AP patterning. q
Introduction
Shortly after implantation, the mouse embryo develops an asymmetric pattern of gene expression that is essential for the development of the AP axis. Thus far, two signalling domains have been identified that are critical for the establishment of the anterior and posterior regions of the embryo, both located within extraembryonic tissues. One is the AVE and another is within the distal ExE (Ang and Constam, 2004; Beddington and Robertson, 1999) . A number of genes that are specifically expressed within the AVE have been identified, including Cerberus-like (Cer-l), Lefty-1, Dickkopf homolog 1 (Dkk1) and Hex . Of these, the first three participate in the inhibition of Nodal and Wnt signalling in the adjacent epiblast and promote anterior patterning through the restriction of the expression of posterior markers (Glinka et al., 1998; Perea-Gomez et al., 2002; Yamamoto et al., 2004) . Expression of genes in the ExE, such as Bmp4, is essential for the induction of posterior patterning (Winnier et al., 1995) . Furthermore, proteases such as PACE4 and Furin that are expressed within the ExE, are important for the establishment of the AP axis through their influence on Nodal signalling (Beck et al., 2002) .
AP asymmetry is first evident along the proximal-distal axis in the E5.5 embryo. Genes such as Cer-l and Hex are first expressed within a distal subset of VE cells, which begin to move proximally after E5.5 to define the anterior pole of the embryo (Beddington and Robertson, 1999; Thomas et al., 1998) . This unilateral movement of cells expressing these distal markers establishes AP axis orientation prior to gastrulation (Rivera-Perez et al., 2003; Srinivas et al., 2004) . Thus, the future AVE cells are initially located at the distal tip of the egg cylinder. In mutants in which this asymmetric cell movement is inhibited, correct AP patterning is prevented (Ding et al., 1998; Huelsken et al., 2000; Kimura-Yoshida et al., 2005; Perea-Gomez et al., 2001) . It has been well documented that Nodal signalling is essential for AVE specification (Beddington and Robertson, 1999; Brennan et al., 2001; Yamamoto et al., 2004) . However, when the AVE becomes positioned asymmetrically, Nodal is expressed throughout the epiblast and surrounding VE (Varlet et al., 1997) . This suggests that, further asymmetries are required for ensuring the specific localisation of the AVE domain. Recent studies that have followed the development of AP axis orientation from its initial proximal-distal positioning have shown that the signals required for the distal-to-anterior movement of the AVE relate to the polarity of the embryo, rather than its specific orientation within the uterus (Mesnard et al., 2004) . This indicates that signals regulating AP axis formation are intrinsic to the embryo itself. Another recent study indicates that a potential source of such signals may come from the ExE, as removal of the entire ExE results in the upregulation of Hex expression in isolated embryonic explants (Rodriguez et al., 2005) . Since AVE positioning is asymmetric, we questioned whether the source of the signals within the ExE is also asymmetric.
To address this question, we conducted a series of microsurgical ablations and transplantation experiments that were carried out in a specific time and place. This led us to find that signals emanating from the prospective posterior, but not anterior, ExE repress anterior gene expression within the VE in the posterior region of the embryo. This provides the first evidence that the ExE signals asymmetrically as early as E5.5. Moreover, this regionalisation of the ExE is critical for the specific positioning of the AVE domain.
Results

Ablation of the prospective posterior, but not anterior, extraembryonic region affects Cer-l/GFP expression
We first wished to examine whether there is any asymmetry within the extraembryonic region of the egg cylinder that could influence AVE positioning. To this end, we ablated either the prospective posterior or anterior extraembryonic tissue just above the embryonic/extraembryonic boundary. To monitor the AVE behaviour directly, we performed our experiments using a transgenic line of mice in which GFP expression is driven by the promoter of Cer-l, an AVE marker, which has been shown to faithfully indicate endogenous Cer-l mRNA (Mesnard et al., 2004) . In agreement with this, a localised domain of GFP-positive cells corresponding to the AVE was observed at E5.5 (Fig. 1A,B) . We found that by E5.5, this domain was already located slightly, but clearly asymmetrically, towards one side of the distal tip of the embryo (Fig. 1A-black arrow) . This early asymmetry relates to the orientation of the anterior-posterior axis (Mesnard et al., 2004; Rivera-Perez et al., 2003) and thus provided us with the marker enabling identification of the prospective anterior and posterior poles of the embryo at E5.5.
In the first set of experiments, we ablated the prospective posterior extraembryonic region (ExE and surrounding VE) by mechanically destroying the region of extraembryonic tissue opposite the characteristic thickening of the distal AVE. After 6 h of culture, the asymmetric shift of Cer-l/GFP-expression was evident in 100% of the control non-manipulated embryos (nZ18) (Fig. 1C,E) . In contrast, when we ablated the posterior extraembryonic region, only 11% of the embryos had the same distal-to-anterior pattern of Cer-l/GFP expression 6 h following ablation (Fig. 1C,E) . In 89% of these embryos, (P!0.0001), Cer-l/GFP expression extended along the circumference of the egg cylinder from its original distal position symmetrically towards both prospective 'anterior' and 'posterior' poles of the embryo (Fig. 1C,E) .
After 18 h of culture, cells expressing Cer-l/GFP had reached the embryonic/extraembryonic boundary in 96% of the control embryos (Fig. 1C,E) . At this time, the lateral movement of VE cells at the embryonic/extraembryonic boundary was evident (Thomas et al., 1998; Weber et al., 1999) , due to 'residual' GFP protein in these cells. In contrast, in 83% of ablated embryos (nZ23), Cer-l/GFP expression was observed circumferentially towards both 'anterior' and 'posterior' regions of the VE overlying the epiblast (P!0.0001) (Fig. 1C,E) . Only 13% of these embryos had distal-to-anterior positioning of Cer-l/GFP positive cells and in 4% of the embryos, the GFP domain remained distal. In addition, in 26% of the embryos subjected to ablation of the posterior extraembryonic region, the domain of Cer-l/GFP expression expanded into VE in the extraembryonic region of the egg cylinder (data not shown). This is in contrast to the control embryos, where Cer-l/GFP expressing cells were never found in the extraembryonic VE. This indicates that the prospective posterior extraembryonic region has the ability to modulate the distribution of anterior gene expression within the VE.
To address whether the prospective anterior extraembryonic region could also influence the AVE, we then conducted a similar series of experiments in which we ablated anterior extraembryonic tissue on the same plane as the distal AVE. After 6 h, all of the control embryos developed with the expected unilateral shift in Cer-l/GFP expression (nZ5) (Fig. 1D,E) . Moreover, all of the experimental embryos subjected to the ablation of anterior extraembryonic region showed the characteristic distal-to-anterior shift in Cer-l/GFP expression as the control embryos after 6 h of culture (nZ11) (Fig. 1D,E) . When examined 18 h after ablation of the anterior extraembryonic region, all of the experimental embryos (nZ 17) showed a similar asymmetric domain of Cer-l/GFP positive cells to that of the control embryos (nZ10) (Fig. 1D,E ).
These data demonstrate that embryos subjected to the ablation of the prospective posterior-but not anteriorextraembryonic region displayed a greater domain of Cer-l/GFP expressing cells. Thus, our results indicate firstly that the prospective posterior extraembryonic region functions to restrict AVE character to the distal region of the embryo and to influence the distribution of AVE cells; and secondly, that the extraembryonic region is regionalised along the prospective AP axis at E5.5.
The effect of the ablation of the posterior extraembryonic region on the distribution of Cer-l/GFP positive cells was evident after 6 h ( Fig. 1C) , that is, at a time equivalent to E5.75. This suggests that 'signals' emanating from the posterior extraembryonic region function to regulate the anterior character of the VE before, but not necessarily exclusively, at this time. To discern whether the VE is responsive to the presence of the posterior extraembryonic region throughout the distal-to-anterior migration of the AVE, we performed a similar series of surgical micromanipulations at E5.75. At this time point, AVE cells are approximately midway in their migration between the distal tip of the embryo and the embryonic/extraembryonic boundary. After 16 h of culture, Cer-l/GFP-expressing cells were localised at the anterior margin of the embryo up to the border of the extraembryonic region (nZ5) and did not cross the embryonic/extraembryonic boundary ( Fig. 1F ). Embryos which had undergone ablation of either the posterior (nZ5) or anterior (nZ6) extraembryonic region developed with an asymmetric pattern of Cer-l/GFP expression which strongly resembled that of the control embryos. Thus, ablation of the extraembryonic region at E5.75 had no apparent effect on the position of Cer-l/GFP expressing cells. These observations suggest that there is a specific time window in which the posterior extraembryonic region can influence the anterior character of the VE, namely before E5.75.
Ablation of the prospective posterior extraembryonic region results in an increase in the number of Cer-l/GFP positive cells due to ectopic expression
To gain further insight into the influence of the extraembryonic region on the AVE, we determined the number of Cer-l/GFP expressing cells in cultured control embryos, in embryos subjected to ablation of either the posterior or anterior extraembryonic region and in freshly collected embryos ( Fig. 2A,B) . The average number of Cer-l/GFP expressing cells in control embryos collected at E5.5 and cultured for 6 h was similar to that of freshly collected embryos at E5.75. Thus, the culture had no effect on the number of AVE cells. Embryos cultured for 6 h following posterior or anterior ablation had 19G3 and 16G1 Cer-l/GFP positive cells, respectively, compared to 15G2 positive cells in the control embryos. Whilst the difference in cell number following posterior ablation was not statistically significant (PZ0.6019), this increase of four cells was sufficient to disturb the initial asymmetric distribution of Cer-l/GFP positive cells, given that only a small number of VE cells express this AVE marker at this stage. After a further 12 h of culture, there was a 1.9-fold increase in the number of Cer-l/GFP-positive cells in the control embryos (Fig. 2B) , comparable to the 2.1-fold increase in the number of Cer-l/GFP positive cells in freshly collected embryos at E6.25. In contrast, there was a 3.5-fold increase in the number of Cer-l/GFP positive cells following posterior ablation (PZ0.0002), which was not observed following anterior ablation (1.9-fold increase, PZ0.875). Thus, the change in Cer-l/GFP expression upon posterior extraembryonic ablation reflected an increase in the number of cells expressing Cer-l/GFP. This was not due to differential embryonic growth between control and ablated embryos, as detailed measurements of all groups of embryos (according to the criteria described in Rivera-Perez et al., 2003) revealed no significant differences in dimensions between the three groups of embryos (data not shown).
To examine whether ablation of the posterior extraembryonic region at E5.5 leads to ectopic Cer-l/GFP expression in the VE, we performed the same ablation experiment at E5.5 and monitored subsequent development with time-lapse imaging. Both the control and ablated embryos were cultured in parallel and imaged under the same conditions. As early as w3 h following ablation, GFP fluorescence was evident opposite the VET, resulting in a domain of GFP expression symmetrically distributed across the distal circumference of the egg cylinder (Fig. 3A , representative of four independent experiments). In contrast, in the control embryos there was a restricted domain of GFP fluorescence that was asymmetrically localised towards one side of the embryo at this time point (Fig. 3A) . We also measured the peak intensity of GFP fluorescence in the control and the ablated embryos and plotted these measurements with respect to the time in culture (Fig. 3B) . While the control embryos showed a steady increase in fluorescence intensity according to time in culture, the embryos subjected to ablation had a drastic increase in fluorescence intensity. This difference was already evident after 2 h in culture as the AVE domain in the ablated embryo began to lose its characteristic asymmetrical localisation. After approximately 6 h in culture, the difference in the levels of fluorescence intensity was maximal. Thus, ablation of the prospective posterior extraembryonic region induced increased intensity of GFP fluorescence and ectopic expression of Cer-l/ GFP in cells adjacent to the original AVE population that would normally be GFP negative.
2.3. Removal of the extraembryonic region leads to Cer-l/GFP expansion, which is prevented by transplantation of the prospective posterior ExE
The above experiments suggest that the ablation of the posterior, but not anterior, extraembryonic region at E5.5 leads to abnormal expression of the anterior marker, Cer-l, in the VE. Two different mechanisms could explain this: either posterior, but not anterior, extraembryonic cells produce an inhibitor of Cer-l or only the embryonic part of the egg cylinder adjacent to the posterior extraembryonic region is competent to receive such signals. To distinguish between these possibilities, we grafted either a posterior or anterior extraembryonic region onto an E5.5 epiblast surrounded by VE (hereafter referred to as 'embryonic explant') from the Cer-l/GFP line. In contrast to the previous experiments where signalling from the distal extraembryonic region was prevented through ablation, care was taken to ensure that the cells of the transplanted extraembryonic tissue were undamaged and thus able to signal (Fig. 4A-C) .
When embryonic explants were cultured alone for 18 h, Cer-l/GFP expressing cells were seen to cover a large proportion of the embryonic explant, suggesting that the surrounding VE had acquired an anterior character (nZ25) (Fig. 4D,E) . When we co-cultured an embryonic explant with a posterior extraembryonic region explant, a restricted domain of Cer-l/GFP expression was evident (nZ7) (Fig. 4D,E) . In contrast, expanded Cer-l/GFP expression was widespread in the surrounding VE of embryonic explants co-cultured with the anterior extraembryonic region. This was similar to that of the embryonic explant cultured alone (nZ6) (Fig. 4D,E) . Note that the extraembryonic tissue remained attached to the embryonic explant at all times and could be identified after 18 h of culture ( Fig. 4E-upper panel, dashed red lines) . As a control to ensure that the differential Cer-l/GFP expression was not due to the micromanipulation procedure and/or differential survival between the two extraembryonic regions, the entire extraembryonic region from an E5.5 embryo was co-cultured with an embryonic explant. This resulted in asymmetric Cer-l/GFP expression from the original distal localisation of the AVE, similar to that of non-manipulated embryos (Fig. 4D,E) . Furthermore, to ensure that there were no differences in the number of extraembryonic cells grafted to embryonic explants that could account for the differential effects on the anterior fate of the VE, we repeated the explant assays using extraembryonic tissue from the transgenic H2B.GFP line and an embryonic explant from the Cer-l/GFP line. We quantified the number of H2B.GFP extraembryonic cells and found 43G4 cells in the anterior (nZ4), 40G6 cells in the posterior (nZ6) and 100G5 cells in the whole extraembryonic tissue (nZ3) transplanted. Thus, the differential ability of the extraembryonic explants to affect the anterior character of the VE was not due to differences in the number of cells within each type of extraembryonic explant.
To determine if the restriction of Cer-l/GFP expression by the posterior extraembryonic region was a result of signalling from the posterior ExE, the surrounding VE, or the two tissues combined, we removed the VE from posterior ExE of an E5.5 embryo and cultured it with an embryonic explant. Here, widespread Cer-l/GFP expression was evident, indicating that the VE surrounding the posterior ExE was unable to restrict anterior gene expression within the VE in the embryonic explant (Fig. 4D,E) . Conversely, when posterior ExE, without the surrounding VE, was grafted to an embryonic explant, Cerl/GFP expression was evident in a highly localised domain (Fig. 4D,E) . These results indicate that signalling from the posterior ExE, and not the surrounding extraembryonic VE, regulates the anterior character of the VE.
We next questioned whether replacing the posterior ExE with a second domain of anterior ExE could recapitulate the effect of the posterior ExE in the restriction of Cer-l/GFP expressing cells. In doing this, we hoped to assess whether the regionalised signalling from the ExE was graded across the AP axis, with higher levels in the posterior domain and lower levels in the anterior domain, or whether the signalling ability was exclusive to the posterior ExE. Should the former be the case, one may expect that an increase in the mass of anterior tissue could provide sufficient signalling to recapitulate the repression of anterior fate, as evident from the culture of embryonic explants with only prospective posterior ExE. Following 18 h of culture, we again observed an expansion of the Cer-l/GFP positive domain, thus indicating that the VE had acquired a largely anterior fate (nZ5) (Fig. 4D,E) . Thus, the regulation of anterior patterning is likely to be dependent upon signalling specifically from the posterior ExE.
To assess if the apparent restriction of the Cer-l/GFP domain by the posterior ExE could be a result of upregulation of Cer-l gene expression, we performed a thorough analysis of the number of GFP-positive cells in relation to the diameter of our embryonic explants using confocal microscopy. Representative confocal stack sections of embryonic explants cultured alone (C), or in the presence of posterior (P) or anterior (A) ExE are shown in Fig. 4F . The total number of green cells was determined from serial optical sections in the three groups of explants. The average number of GFP-positive cells in the embryonic explant alone was 63G26 (nZ24) (Fig. 4G ). When cultured with the anterior ExE, the number of GFP-expressing cells observed in the VE surrounding the adjacent embryonic explant was not significantly different from that of the embryonic explant alone (82G21) (nZ12) (PZ 0.1147). In contrast, when the embryonic explant was cultured with the posterior ExE, a drastic reduction of GFP-expressing cells within the VE was observed (17G5) (nZ10) (Fig. 4G) . Accordingly, the number of cells expressing GFP in the VE of embryonic explants cultured with posterior ExE was significantly different from those of the embryonic explants alone and the embryonic explants plus anterior ExE (PZ0.0001). The changes in the number of Cer-l/GFP positive cells were not related to differences in the size of the explants, as the diameter of the embryonic explant remained the same in all three groups (Fig. 4H) . Therefore, in agreement with the previous set of experiments, the posterior and anterior regions of the ExE have a different potential to affect the expression of Cer-l/GFP: the posterior ExE can restrict the anterior character of the VE, but the anterior ExE cannot.
Discussion
Spatial and temporal signalling from the ExE is involved in the regulation of AVE localisation
Our results indicate that signals from the prospective posterior ExE are required for the restriction of the size of the AVE and for its subsequent unilateral distribution. The number of Cer-l/GFP positive cells in the VE increased following ablation of the prospective posterior extraembryonic region, preceded by a loss of the asymmetry of Cer-l/GFP positive cells. Transplantation of the posterior ExE inhibited the increase in the number of Cer-l/GFP positive cells in the VE of embryonic explants. Thus, loss of signalling from posterior ExE results in AVE expansion, whereas the presence of the posterior ExE limits the AVE domain. This indicates that the ExE, specifically the posterior region, can inhibit the expression of anterior markers in the VE and is involved in regulating the asymmetric positioning of the AVE.
A change in the distribution of Cer-l/GFP expressing cells is already detectable within 6 h after posterior ablation, which indicates that the posterior ExE may be involved in the initial asymmetric positioning of the AVE domain. However, once AVE movement has commenced, the posterior ExE no longer affects the distribution of Cer-l/GFP expressing cells. This suggests that whilst the localisation of the AVE domain is initially influenced by the posterior ExE, VE cells may become refractory to signals from the posterior ExE or this region may no longer 'signal'. Alternatively, AVE cells may become responsive to a different signalling source, e.g. the epiblast (Srinivas et al., 2004) .
Posterior ExE inhibits the induction of Cer-l expression in the VE
Our time-lapse study showed de novo expression of Cer-l/GFP in cells not originally located within the distal AVE domain, suggesting that these cells had acquired an 'AVE' character following ablation of the posterior ExE. This increase in the number of Cer-l/GFP expressing cells is sufficient to disturb the initial asymmetric positioning of the AVE. In addition, the observed increase in fluorescence intensity indicates that Cer-l/GFP upregulation also occurred in the original AVE population. Together, these results suggest that the posterior extraembryonic region inhibits the expansion of expression of AVE-specific genes, such as Cer-l.
When the epiblast is cultured without the ExE, expression of posterior markers within the epiblast is affected: Fgf8 is downregulated and Cripto expression is lost (Beck et al., 2002) . Furthermore, in situ hibridisation analysis revealed upregulation of the expression of anterior markers, such as Hex and Cerl, in the VE surrounding embryonic explants cultured without the ExE (Rodriguez et al., 2005) . This is in agreement with our data, suggesting that the ExE promotes 'posteriorisation' of the epiblast and restricts anterior gene expression within the VE. Interestingly, in embryos where the ExE fails to form due to the deletion of the Elf5 gene (Donnison et al., 2005) , the distal-toanterior AVE migration does not appear to be prevented, possibly due to compensatory signalling originating from the ectoplacental cone. However, considering the data presented, in those same embryos an expansion of Hex and Cer-l expression prior to gastrulation, might be observed. (Donnison et al., 2005) .
How might the ExE regulate AVE localisation? Nodal is required for AVE induction Conlon et al., 1994; Norris et al., 2002; Robertson et al., 2003; Yamamoto et al., 2004; Zhou et al., 1993) . Different levels of Nodal activity specify different cell fates and the AVE forms in the region of the embryo with the lowest levels of Nodal activity (Norris et al., 2002; Robertson et al., 2003; Vincent et al., 2003) . The proteases PACE4 and Furin, which are expressed in the ExE, are needed for processing the mature and fully active form of Nodal (Beck et al., 2002) . It is possible that sustained Nodal signalling in the posterior epiblast inhibits AVE gene expression, and that this signalling requires the proteases PACE4 and Furin at this particular stage. Thus, ExE ablation may result in weaker Nodal activity due to the loss of proteases required for Nodal processing and consequently cause an upregulation of anterior markers in the VE, such as Cer-l. Alternatively, but not exclusively, the removal of ExE might remove the source of 'inhibitors', normally originating from the developing posterior ExE which function to asymmetrically restrict the expression of anterior markers. This inhibition may result from signalling of genes which are already known to be expressed within the ExE, for example, Bmp4. In support of this idea, the downregulation of BMP4 through RNAi from the blastocyst to the early post-implantation stage leads to an expansion of the domain of expression of Cer-l (Soares et al., 2005) . In addition, BMP4 signalling might affect the regulation of Nodal and vice versa (Ang and Constam, 2004) : in Nodal deficient embryos, Bmp4 expression in the ExE is progressively downregulated Norris et al., 2002) . Thus, modulation of gene activity in the ExE, such as that of BMP4, may be involved in VE patterning. Although the expression of Bmp4 has not been documented to be asymmetrical in the ExE at E5.5, it cannot be excluded that BMP4 signalling could be transduced asymmetrically.
The ExE is regionalised at E5.5
Our results provide the first indication that the ExE is functionally regionalised across the prospective AP axis before AVE migration, which may be suggestive of differential gene activity in the extraembryonic region. To our knowledge there are no reports of gene transcripts asymmetrically distributed across the prospective AP axis as early as E5.5. However, our data generated suggests that there may be transcripts and/or proteins differentially distributed across the prospective AP axis at this stage. Furthermore, it remains possible that levels of protein activity of genes expressed within the ExE are asymmetric across the AP axis, which could result in the asymmetric ability of the ExE to modulate anterior gene expression. It is also possible that there may be differential processing of proteins within the ExE across the AP axis. Thus, modulation of the activity of molecules involved in Wnt, BMP and/or Nodal pathways along the prospective AP axis, possibly mediated by postranslational modifications, could also account for the regionalised signalling activity of the ExE at this stage.
It is well documented that the AVE limits posterior gene expression (Rhinn et al., 1998; Perea-Gomez et al., 1999; Kimura et al., 2000; Perea-Gomez et al., 2002) . Our results indicate that the developing posterior ExE functions to restrict AVE specific gene expression to a small group of cells and to regulate its asymmetric positioning. Thus, a balance between antagonistic activities at the two opposite poles of the mouse embryo appears essential for correct AP patterning.
Methods
Embryo dissection and culture
F1 (C57BL6!CBA) and Cer-l/GFP mice (Mesnard et al., 2004) were bred using a 6.00-18.00 light cycle. E5.5 embryos were collected at 12.30 and E5.75 at 18.00 on the 5th day after plugging. Embryos from F1 and Cer-l/GFP crosses were dissected in Dulbecco's modified eagle medium without phenol red, (DMEM), containing sodium pyruvate and non-essential amino acids, supplemented with 10% fetal calf serum (FCS) at 37 8C. Fine forceps were used to extract deciduae from the uterus and remove embryos from the uterine crypt (Hogan et al., 1994) . The parietal endoderm was removed with fine syringe needles. The prospective anterior and posterior poles were identified according to the VE thickening (VET) morphology (Rivera-Perez et al., 2003) and the position of GFP-expressing cells (Mesnard et al., 2004) . Embryos were cultured in pre-equilibrated DMEM medium supplemented with 45% human cord serum (HCS) and non-essential amino acids at 37.5 8C under a 5% CO 2 atmosphere (Jones et al., 2002) . Embryonic explants were cultured in DMEM medium supplemented with 15% FCS and amino acids (Kimura et al., 2000) . Embryos recovered at E5.5 were deemed 'time zero' when they were first placed in culture. Thus, embryos after 6 h of culture would be equivalent to E5.75, and those after 18 h of culture to E6.25. Morphology and measurement was used to assess the health and correct development of the embryos to ensure that the culture system used in this work was conducive to normal growth and development.
Micromanipulation
A holding pipette was back filled with dissecting medium and the embryos were transferred on a slide with medium covered with paraffin oil. Morphological analysis was used to identify the prospective anterior and posterior regions (Rivera-Perez et al., 2003) , which was then confirmed by brief exposure to blue light to observe the Cer-l/GFP expression domain (Fig. 1A) (Mesnard et al., 2004) . A micromanipulator was used to align the embryo and to position the holding pipette in contact with the length of the egg cylinder, leaving either the prospective anterior or posterior region exposed for ablation. A glass capillary was pulled to a fine tip and attached to a second micromanipulator, which was aligned to the level of the holding pipette. The glass needle was positioned above the boundary zone between the embryonic and extraembryonic regions and inserted into the extraembryonic tissue up to the level of the proamniotic cavity, and retracted (Fig. 1B) . This movement ablated the distal quarter of extraembryonic tissue (either anterior or posterior) above the border with the embryonic tissue. To determine the extent of ablation elicited by this procedure we performed the same ablation experiments in a transgenic line expressing H2B.GFP (Hadjantonakis and Papaioannou, 2004) , which allowed us to accurately define the number of cells ablated per embryo to 17G6 (nZ5, data not shown). Embryos were released from the holding pipette and transferred to a 4-well plate for culture.
Explant preparation and composition
Embryos were recovered at 12.30 on the fifth day after plugging and dissected from deciduae. As in the micromanipulation experiments, morphological analysis was used to identify prospective anterior and posterior domains of extraembryonic tissue and the position of the proamniotic cavity was taken as the midpoint between future anterior and posterior regions. A first incision was made over this midpoint along the extraembryonic region of the embryo using fine syringe needles to separate the two halves of extraembryonic tissue in a proximal-distal direction. Either the posterior or anterior extraembryonic region to be used in the explant complementation assay was left intact. A second cut was then made horizontally and parallel to the proximal-distal axis at the proximal most region of the epiblast to detach this from the remaining extraembryonic tissue (Fig. 4A) . Unless otherwise indicated, all the explants were cultured with the surrounding VE. Representative explants before culture are shown in Fig. 4B ,C. Explants were composed as follows: either the embryonic explant alone, the embryonic explant with posterior ExE, the embryonic explant with anterior ExE, the embryonic explant with the entire extraembryonic region, the embryonic explant with the posterior extraembryonic VE, the embryonic explant with posterior ExE without its surrounding (extraembryonic) VE. To construct explants using two regions of anterior ExE, the posterior ExE was removed from one embryo to leave the anterior ExE intact. Anterior ExE from a separate embryo was grafted to the exposed ExE from where the posterior extraembryonic tissue was removed. Explants were cultured for 18 h.
Imaging
All micrographs were taken using an inverted Nikon microscope and processed using IPLab software. For confocal imaging, embryos were fixed in 4% paraformalydehyde in PBS overnight at 4 8C and placed between two coverslips with a petroleum jelly seal. To increase adhesion, slides were pretreated with poly-L-lysine (Sigma) for 5 min. Laser scanning microscopy was conducted to obtain serial z-plane images every 3.5 mm using an inverted Nikon microscope with a BioRad MCR scanning head. The time-lapse imaging studies were performed under a Zeiss inverted microscope using the KineticImaging software.
